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To evaluate the potential of the encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) to promote efficient expression of foreign 
genes in the yeast, S. cerevisiue, we have constructed E. coli-yeast shuttle vectors in which the EMCV 5’ non-coding region was fused to the reporter 
gene, human prothymosin a. Efficiency of translation of corresponding RNA transcripts in mammalian cell-free systems was highly dependent 
on the sequence context and/or position of the initiation codon. No translation of these IRES-dependent mRNAs occurred in S. cerevisiae. 
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1. INTRODUCTION 
Picornaviruses, such as encephalomyocarditis virus 
(EMCV), are small animal RNA viruses. Initiation of 
translation of their RNA utilizes an unusual cap-inde- 
pendent binding of ribosomes to a specific internal se- 
quence within the 5’ non-coding region which is there- 
fore known as the internal ribosome entry site (IRES) 
(reviewed in [l]). The EMCV 5’ non-coding region di- 
rects efficient translation of reporter genes in mammal- 
ian cells and has been incorporated into expression vec- 
tors used in higher eukaryotes [24]. We decided to find 
out whether it is possible to use the EMCV IRES for 
efficient expression of foreign genes in yeast. Mecha- 
nisms of translation in yeast cells are thought to be 
functionally similar to those of mammals [5], yet no 
conclusive evidence has been obtained concerning the 
potential of yeast to utilize internal initiation of transla- 
tion [6,7]. 
Here the EMCV 5’ non-coding region was fused to 
a human prothymosin a reporter gene and tested for its 
ability to direct translation in S. cerevisiae. We demon- 
strate that although such RNA transcripts are effi- 
*Corresponding author. Fax: (7) (095) 939 3181. 
Abbreviations: E. coli, Escherichio coli; EMCV, encephalomyocarditis 
virus; IRES, internal ribosome entry site; S. cerevisioe, Succhoromyces 
cerevisiue; PAAG, polyacrylamide gel; nt(s), nucleotide(s); PAAG, 
polyacrylamide gel(s); PCR, polymerase chain reaction; PTB, ‘pyrim- 
idine tract binding protein’. 
ciently translated in mammalian cell-free systems, no 
translation of these mRNAs occurs in S. cerevisiae. 
2. MATERIALS AND METHODS 
Plasmid pHTl5, containing human prothymosin a cDNA in the 
SmaI site of pUC19, was kindly provided by A. Vartapetian and used 
in PCR with primers (S-dATGTCAGACGCAGCCGTAGA-3’) and 
(5’-dCCCGGATCCTAGTCATCCTCGTC-3’). 
To obtain pEMCHT1, -2 and -3 (Fig. l), plasmid pTE1 [S] contain- 
ing EMCV cDNA (nts. 315-1,165) downstream of the T7 promoter 
was cleaved with the restriction endonuclease, &/I, at nucleotide +4 
of the EMCV coding sequence, incubated with Klenow fragment of 
E. coli DNA polymerase I in the presence of dCTP and dATP followed 
by nuclease Sl treatment to eliminate the initiation codon, and ligated 
with human prothymosin a cDNA. T’he primary structure of prothy- 
mosin a cDNA and its junction with the EMCV leader was determined 
by DNA sequence analysis [9]. To obtain pEMCHT4, plasmid pTE1 
was digested with NcoI, tiled in with Klenow fragment and ligated 
with human prothymosin a cDNA. pYeEMCHT3 and pEMCHT4 
were constructed by insertion of the small BumHI-BumHI fragment 
from pEMCHT3 and -4 into the BumHI site of pYeDP1/8-2 kindly 
provided by D. Pompon [lo]. Plasmid pYeHT1 was constructed by 
insertion of the BumHI-@zI fragment from pHTl5 into pYeDP1/8-2. 
Plasmids pYeEMCHTl4 linear&d with PstI and blunt-ended 
with T4 DNA polymerase were used in T7 RNA polymerase reactions 
as described previously [8]. The transcripts were analyzed in denatur- 
ing 4% PAAG. In vitro translation in Krebs2 cell extracts were carried 
out as in [8], and in HeLa cell extracts as in [l 11. Transformation of 
S. cerevisiue cells 2805 and Sky 594 was performed as described in [12]. 
For induction, cultures grown in liquid glucose-containing SD me- 
dium were washed twice with SD medium containing galactose instead 
of glucose, resuspended in this medium and grown overnight at 30” C. 
Preparation of total yeast RNA and Northern blot analysis were done 
according to [13] and [14], respectively. An a-‘*P-labeled prothymosin 
a cDNA probe (specific activity 10’ cprn@g) was prepared by random 
priming [15]. Prothymosin 01 was isolated from yeast cells by phenol 
(IOO‘C) and phenol-chloroform extraction in the presence of SDS 
followed by ethanol precipitation (essentially as described previously 
[16]). Protein labelling with the ‘*‘I Bolton and Hunter reagent was 
described in [16]. 
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3. RESULTS AND DISCUSSION 
3.1. Translation of prothymosin u mRNAs containing 
the EMCV leader sequence in mammalian cell-free 
systems 
Human prothymosin a DNA was inserted down- 
stream of the EMCV leader sequence in the derivative 
of pTZl8R. Prothymosin cc was chosen as a reporter 
gene in this study because of the unique property of the 
13 kDa acidic protein that it encodes which is retained 
in the aqueous phase upon phenol deproteinization of 
cell lysates [17]. This protein can be visualized after gel 
electrophoresis by prior iodination or by staining with 
Methyiene blue or Coomassie blue. The EMCV leader 
sequence (bases 315-833) is known to contain all the 
necessary signals for internal initiation of translation in 
mammalian cells [S, 181. 
Three different constructs were obtained, termed 
pEMCHT1, -2 and -3, respectively, which differ in the 
sequence context and location of the prothymosin a 
initiation codon with respect to the position of the au- 
thentic EMCV initiation codon, AUG-11 (Fig. 1). The 
sequence context of the prothymosin (r: initiation codon 
in pEMCHT3 corresponds to the yeast initiator region 
consensus sequence, (5’-~AAUGUCU-3~ [5] ex- 
cept at position +6. 
Expression of prothymosin b: from RNA transcripts 
of pEMCHT1, -2 and -3 was analysed in two mammal- 
ian in vitro translation systems. 30th mouse Krebs 2 
and human HeLa cell lysates were able to translate T7 
transcripts of pEMCHT3, in which the initiation codon 
has a favorable context (A) at position -3. pEMCHT1 
and pEMCHT2 transcripts contain U at position -3 
A. 
BIUH I PM I 
pEHCHTl-4: 
pYcEIICHT3.1: 
BanW I srra I 
pYcHTl: 
BanB I Kpn I 
B. 
pEWCWTi: . ..ACwATAAT.ATdlS. TCA . . . 
*lO HP1 
pEHCHT2: . ..ACG~ATAA &Q$ ICA ..a 
ml.0 *PI 
pEllCRT3: . . . T *..A .I* 
pEXCKT4: . ..A CATAAT m CCC ACA ACC a 
*fO 
B TCA . . . 
*is *12 *Pl 
Fig. 1. (A) Schematic diagrams of plasmids used in this study, T7, T7 
RNA polymerase promoter; GC, yeast GallO-Cycl promoter; UTR, 
EMCV 5’ untranslated region; pTu, human prothymosin a cDNA. (B) 
Sequence junctions between the EMCV leader and prothymosin & 
cDNA. The EMCV leader sequence is hi~~ght~ by a thick black line 
above the sequence. The EMCV AUGs are underlined and labeled 
* 10, * 11 and *12; the prothymosin a initiation codon is underlined and 
labeled *Pl. 
and were not translated in either system (Fig. 2A,B). 
This result is consistent with the previously described 
observation that efficient IRE&mediated initiation of 
translation at EMCV AUG-I 1 in the mammalian sys- 
tem exhibits a requirement for A in position -3 [19] 
similar to cap-dependent translation. 
In the work of Davies and Kaufman 1191 the A -+ U 
substitution at position -3 of AUG-11 resulted in an 
approximately fourfold lower utilization of this triplet 
as a start codon. In our work the presence of U in 
position -3 inhibited in vitro translation completely. 
Fig. 2. Translation of T7 transcripts derived from the respe&ve plasmids in Krebs 2 (A$) and HeLa (B) cell extracts (Ii@-no RNA added). 
Translations were performed in the presence of [‘4C]Glu (A) or p’S]Met (B,C). The samples were analysed on 17.5% SDS-PAAG in A, or were 
phenol-chloroform extracted, ethanol precipitated, and fractionated in 8% PAAG in B and C. The position of prothymosin a is indicated by an 
arrow. 
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This discrepancy could be explained by the unfavorable 
context downstream of the start codon in RNAs tran- 
scribed from pEMCHT1, -2 and -3 (which contain U at 
position +4 instead of the G presented in EMCV). The 
presence of G at position +4 is an important determi- 
nant of initiation codon recognition in the mammalian 
(but not in the yeast) system [5]; therefore its require- 
ment for efficient IRE&mediated initiation cannot be 
excluded. In order to optimize the context we con- 
structed pEMCHT4 that retained the EMCV leader 
sequence up to EMCV AUG-12 followed by the prothy- 
mosin c1 start codon (Fig. 1). Since EMCV AUG-12 is 
able to initiate translation efficiently in the mammalian 
system [19], three potential in-frame initiation codons 
exist in pEMCHT4 RNA: the authentic EMCV initia- 
tion codon (AUG-11) containing G at position +4, 
EMCV AUG-12, and the prothymosin c1 start codon. 
Initiation of translation from EMCV AUG-11 of 
pEMCHT4 RNA was expected to result in prothymosin 
a containing the additional sequence, Met-Ala-Thr- 
Thr-Met, at its N-te~nus. These residues are not 
charged or hydrophobic and therefore would not be 
expected to change the unique property of prothymosin 
a to partition to the aqueous phase during phenol ex- 
traction. This consideration is important because a sim- 
ple procedure elaborated for isolation of prothymosin 
a from yeast cells is based on this property. 
As expected, pEMCHT4 transcripts were efficiently 
translated in the Krebs2 ceil-free system (Fig. 2C). The 
translation product was identical to prothymosin a;, as 
judged both by its electrophoretic mobility and by its 
retention in the aqueous phase during phenol extrac- 
tion. The specific i~tiation codon utilized on transla- 
tion of pEMCHT4 RNA was not identified. The upper 
band (Fig. 2C) seems to be peptidyl-tRNA since it was 
sensitive to RNAses (data not shown). 
3.2. Transiati~n of ~rathymosin cx mRNAs containing 
EMCV leader sequence in yeast celIs 
Since prothymosin a synthesis was detected in mam- 
malian in vitro systems only a translation of pEMCHT3 
and pEMCHT4 RNAs, EMCV leader-prothymosin a 
cDNA fusions from both plasmids were transferred into 
the shuttle vector pYeDP1/8-2 [lo] downstream of the 
hybrid yeast GallO-Cycl promoter. S. cerevisiae cells 
were transformed with the resulting plasmids, 
pYeEMCHT3 and pYeEMCHT4. After induction of 
transcription with galactose both RNA and putative 
prothymosin a species isolated from these cells were 
analyzed. Yeast cells transformed with pYeHT1, which 
contains prothymosin a: cDNA directly fused to the 
GallO-Cycl promoter sequences of pYeDP1/8-2, were 
used as a control to evaluate cap-dependent translation. 
To determine whether prothymosin a cDNA had 
been transcribed we performed Northern blot analysis 
using a proth~osin a-specific cDNA probe. Prothy- 
mosin &specific transcripts were detected in yeast cells 
Fig. 3. Northern analysis of total RNA from the transformed yeast 
cuhures grown on glucose without induction (DEX) or induced with 
galactose (GAL). The blot was probed with 32P-labeled pro~~osin 
d cDNA. RNA size markers (in kilobases) are shown on the right. 
transformed with pYeHT1, pYeEMCHT3 and 
pYeEMCHT4, but not pYeDP1/8-2 used as a control 
(Fig. 3). These RNA species had the expected electro- 
phoretic mobility. 
To determine whether prothymosin ol-specific RNAs 
were translated, prothymosin a was isolated from yeast 
cells and subjected to electrophoretic analysis. Al- 
though the sequence context of the prothymosin a initi- 
ation codon in pYeHT1 -encoded mRNA (5’- 
CCCCAUGUCA-~) is rather u~avorable for yeast [S], 
prothymosin a synthesis was detected in yeast cells 
transformed with pYeHT1, but not with pYeEMCHT3 
or pYeEMCHT4 (Fig. 4A). To increase the sensitivity 
of this analysis, the putative prothymosin a was labeled 
with the “‘I Bolton and Hunter reagent and fraction- 
ated on denatu~ng PAAG (Fig. 4B). Even when the 
film was over-exposed no evidence for the EMCV 
IRES-mediated prothymosin dl synthesis could be ob- 
tained (Fig. 4C). As a control, 1% of the radio-iodinated 
translation product isolated from an equivalent amount 
of pYeHTl-transfo~ed yeast cells was loaded and 
proth~osin a was visualized as an intense band (Fig. 
4C, lane 1). The other ‘2SI-labeled bands in lanes 2 and 
3 (Fig. 4C) appeared to be tRNA and non-protein con- 
taminants, since they were not sensitive to proteinase K 
treatment (data not shown). 
Thus we have shown that S. c~reQ~~~ cells do not 
translate EMCV IRES-confining prothymosin a 
mRNAs with even 0.5% of the efficiency of cap-depend- 
ent translation. This fact cannot be explained by the 
presence of the translational inhibitor recently detected 
in yeast cell lysates by Coward and Dasgupta [6], since 
it was shown to inhibit translation in HeLa cell extracts 
of RNAs containing poliovirus IRES, but not that of 
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Fig. 4. In vivo translation assays. Unlabeled (A) and “‘I-labeled (B and C) putative prothymosin a species isolated from induced yeast cells 
transformed with the respective plasmids were fractionated in 8% PAAG. In A the gel was stained with Methylene blue, in B the gel was exposed 
to X-ray film for 3 h, in C the gel was exposed for 70 h. The samples isolated from equivalent amounts of yeast cells were loaded in all the lanes 
except in lane 1 of(C) in which 1% of the corresponding sample was loaded. The position of prothymosin a is indicated by an arrow. 
EMCV. It is more likely that yeast cells are deficient in 
specific factor(s) involved in internal initiation of trans- 
lation, at least as mediated by the EMCV IRES. It is 
interesting to note that p58/PTB, a factor found in 
Krebs2 and HeLa cell extracts that specifically binds to 
the 5’ untranslated region of EMCV RNA [20] and 
seems to play an essential role in internal initiation of 
translation [21], has not been found in extracts of yeast 
cells (I.N. Shatsky, personal communication). 
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